Doses for a range of examinations and views using digital X-ray equipment with full-body linear slit scanning capabilities (Statscan) have been compared with those from other published studies. Entrance doses (free-in-air) were measured using a dosimeter, and effective doses were generated using a Monte Carlo simulator. Doses delivered by the linear slit scanning system were significantly lower than those from conventional X-ray equipment. Effective doses were between 9 and 75% of the United Nations Scientific Committee Report on the Effects of Ionising Radiation doses for standard examinations. This dose reduction can be explained by the properties of linear slit scanning technology, including low scatter, beam geometry, the use of a digital detector and the use of higher than usual tube voltages.
INTRODUCTION
Ionising radiation comes from a number of natural and man-made sources. A UK study showed that less than 20% of ionising radiation is artificial (1) ; medical radiology constitutes the largest artificial source. The increased use of ionising radiation in medicine worldwide, particularly in computed tomography (CT) scanning, means that there is now a greater need to reduce the radiation dose to patients and medical personnel.
The risks associated with exposure to ionising radiation include those of cancer and genetic effects. There is a linear relationship between radiation dose and the risk solid cancers (2) . Although the risk from an individual radiological examination is small, it is important when considering the number of examinations performed on a population (3) . Slovis (3) suggests that it is important for manufacturers to find ways of reducing dose while maintaining image quality. Studies have shown that linear slit scanning radiography (LSSR) (using a scanning fan beam at a fixed distance from the detector) provides a way of reducing dose without compromising image quality (4, 5) . In order to further evaluate and optimise linear slit scanning technology, a dose analysis needs to be completed, including the calculation of effective doses for common X-ray examinations. This study presents the doses for adult patients using a linear slit scanning X-ray imaging system and follows a study on the doses to paediatric patients (6) .
In this study, the entrance dose was measured 'free-in-air' for routine X-ray examinations (using linear slit scanning technology) in the Trauma Ward at the Groote Schuur Hospital, Cape Town, South Africa. The entrance dose was converted to effective dose (E) (7) using the Monte Carlo simulator PCXMC. Doses have been compared with those reported by the National Radiological Protection Board (NRPB) [now the Health Protection Agency (HPA)] (8) and the United Nations Scientific Committee Report on the Effects of Ionising Radiation (UNSCEAR) (9) , as well as those obtained in other world wide studies (10 -12) .
MATERIALS AND METHODS

X-ray equipment
Lodox Systems (Johannesburg, South Africa) have developed low-dose trauma digital X-ray equipment (Statscan) with full-body scanning capabilities (13) . Statscan ( Figure 1 ) uses a rotating anode X-ray tube (1 mm of aluminium equivalent inherent filtration and 1 mm added aluminium filtration) mounted on a C-arm. A collimated fan beam of X-rays is emitted via an adjustable collimator of width 0.4 or 1.0 mm. The half-value layer of the beam is 3.4 mm Al at 80 kV (14) . Fixed to the other end of the C-arm is the X-ray detector unit, comprising scintillator arrays optically linked to chargecoupled devices. The fundamental pixel size of the detectors is 60 mm, with a maximum image size of 12 283 Â 8000 pixels. Fourteen bits of contrast resolution can be recorded and a spatial resolution of between 1.04 lp/mm and 5.0 lp/mm can be selected.
The C-arm can rotate axially around the patient to any angle up to 1008 allowing scans at different angles, e.g. lateral and AP. During a scan, the C-arm travels along the table length at speeds ranging between 35 and 140 mm/s. Full-body scans are completed in less than 13 s; the diagnostic image is available for viewing less than 15 s after the end of a scan (15) . The user interface allows the selection of patient size ( paediatric, small, medium, large and extra-large) and type of scan; the collimator width and technique factors are automatically selected (13, 16) . The technique factors have been selected by Lodox Systems with the intention of optimising image quality and dose. The images can either be viewed on a high-luminance two megapixel monitor or printed onto film.
Entrance dose (free-in-air)
Entrance dose 'free-in-air' (the dose in air without backscatter at the patient surface distance) was measured using a PTW-UNIDOS dosemeter (Freiburg, Germany) and a 30-cm 3 cylindrical ionisation chamber (type 23361) for a range of examinations and views; chest (AP and lateral), abdomen (AP and lateral), pelvis (AP and lateral), skull (AP and lateral), cervical spine (lateral), full spine (lateral) and full body (AP). The doses were corrected for temperature, pressure and kV sensitivity of the ionisation chamber and focus-to-skin distance (FSD).
The uncertainty in the entrance dose measurements was estimated by taking five readings for each of the following: medium-sized patient: chest (AP) and pelvis (AP), and extra-large patient: abdomen (lateral) and skull (AP).
The dose in air was also measured 3.5 cm above the detector (126.5 cm from tube source), with no phantom present, using the same procedure used to measure entrance dose, as well as for the chest AP, abdomen AP and pelvis AP examinations with an Alderson Rando tissue equivalent anthropomorphic phantom present. The scan width used in the phantom measurements was 8.5 cm.
As examinations of large patients are increasing, doses to extra-large patients have also been included in this study. Increased exposure parameters are required for these examinations which can result in a considerable increase in patient dose. The height and weight of a medium-sized patient are assumed to be 174 cm and 71 kg, and of an extra-large patient, 200 cm and 130 kg. The technique factors used for each scan are those set by Lodox and used by Groote Schuur Hospital for each patient size.
Effective dose
Effective dose (E), as defined by the International Commission on Radiological Protection (ICRP) [7] , is the sum of the dose to each organ weighted by a tissue weighting factor to take into account the sensitivity of that organ. E is a good indicator of the risk from exposure to ionising radiation.
Entrance dose was converted to E using the Monte Carlo simulator PCXMC (version 1.5.2) released by the Laboratory for Medical Radiation, Finnish Centre for Radiation and Nuclear Safety (Helsinki, Finland). PCXMC uses hermaphrodite mathematical phantoms and computes dose to 25 organs in the calculation of E (17) ; the scan field size was calculated using the internal organs as landmarks. Servomaa and Tapiovaara [17] compared calculations of E from PCXMC with those using the NRPB conversion coefficients. They concluded that there was a good agreement between PCXMC and the NRPB conversion coefficients and that any differences could be explained by statistical error and differences in the models. Similarly, Schultz et al. (18) compared calculations of E from PCXMC with those from the general Monte Carlo simulator MCNP. Good agreement was found between the programmes; PCXMC was found to be faster than MCNP.
PCXMC is used for the calculation of E because LSSR has a negligible effect on the conversion coefficients between entrance dose and effective dose. As shown in Figure 2 , if the dose-area product (DAP) entering the patient is the same for both conventional radiography and LSSR, the DAP will be the same at any distance. However, the beam area of LSSR only grows perpendicularly to the scanning direction. Thus, the same energy will be imparted by conventional radiography over a slightly larger volume than by LSSR, and there will be a negligible difference in E (for the same entrance dose), affected by a tissue weighting difference from the slightly larger area irradiated in conventional radiography. This was verified by running simulations on PCXMC comparing conventional full-field calculations with summed slice increments at a fixed distance. For example, the scan area for abdomen AP was divided into 186 increments of dimension 0.2 Â 38 cm 2 at a fixed FSD to simulate LSSR. This was compared with the same area exposed by a conventional radiographic unit. The dose for the conventional unit and slit-scanning unit were 8.17 mGy and 8.20 mGy, respectively, using an arbitrary entrance dose; a difference of 0.31%. Thus, PCXMC can be used for the calculation of effective from measured entrance doses in LSSR.
RESULTS
Statscan measurements including entrance dose 'free-in-air', the dose in air at the detector and effective dose (E), for medium-sized and extra-large patients are tabulated (Tables 1 and 2 ). An estimate of the uncertainty in the measurement of entrance dose at the 95% confidence level was less than +0.32% and the standard deviation (SD) was less than +0.26%. Table 3 compares the Statscan doses with those reported by the HPA ( previously the NRPB) (8) and the UNSCEAR [9] , and from other world wide studies (10 -12) . The UNSCEAR doses are those reported for the UK population.
The dose measurements with a phantom present include scatter that does not reach the detector as a result of the detector moving with the beam while the dose meter was stationary. The measurements included in Tables 1 and 2 and the calculation of effective dose are not affected because no phantom is used in these measurements. The air doses above the detector with a standard sized anthropomorphic Figure 2 . The X-ray beam geometry and exposed volume in conventional radiography and LSSR for the same exposed entrance area.
phantom present are 6 m Gy for chest AP, 10 m Gy for abdomen AP and 5 m Gy for pelvis AP.
DISCUSSION
In order for the effective dose values to be relevant, an image quality assessment must be completed.
A study comparing the image quality from Statscan with that of conventional radiography units was carried out at Groote Schuur Hospital (13) . Two radiologists used a seven-point comparative scale to compare the digital images from Statscan with conventional radiographs, for common diagnostic X-ray examinations of 26 patients. The best score from Statscan was for the mediastinum with a mean equivalence score of 0.346 (SD ¼ 0.49) and the weakest was for the bony detail (trabeculae) with a mean equivalence score of 20.654 (SD ¼ 0.81). The study concluded that Statscan showed both clinical and radiographic promise. A follow-up study in the USA and South Africa by Boffard et al. (19) compared the quality of images between Statscan and conventional radiography units. Radiologists and trauma surgeons analysed images from 115 adult trauma patients. The study concluded that the same amount of information was obtained from Statscan and conventional radiography images and that for the AP plane, Statscan images can replace conventional images (19) . Further evaluation has also demonstrated Statscan's utility in the adult and the paediatric trauma settings (20, 21) . At Groote Schuur Hospital, Statscan is used in a trauma setting where patients cannot be turned and an AP instead of a PA projection is used for imaging the chest; a PA projection can be used on Statscan for patients that can be turned. Using a chest PA instead of a chest AP on Statscan reduces E by 32% for a medium patient and by 38% for an extra-large patient (See Tables 1 and 2 ). Chest PA should, therefore, be used wherever possible on Statscan. Table 3 shows that, for most examinations, the doses from Statscan are considerably lower than those obtained by the UNSCEAR (9) , the NRPB (8) and other published studies (10 -12) . Examinations that usually have a high dose using conventional Xray machines are particularly low by comparison. One example is the AP pelvis examination; E from Statscan is 9% of the UNSCEAR dose. Thus, more than 10 AP pelvis X-rays can be taken for the same dose as one X-ray on a conventional X-ray machine. A more tangible comparison is that of a return flight from Johannesburg to London which has an effective dose of roughly 75 mSv (1) compared with a Statscan pelvis examination of 60 mSv. Full-body scanning is a key feature of linear slit scanning; E from an AP full-body scan is about 14% of an AP abdomen X-ray on a conventional X-ray machine (9) . The dose reduction reported in this study for adult examinations is consistent with that reported by Maree et al. [6] for paediatric examinations. Doses for extra-large patients are greater than the doses for medium patients, as expected, due to higher values kV and mA required for penetration of larger patients. On average, doses for extra-large patients are double the doses for medium-sized patients.
The low effective doses reported, for most examinations, from LSSR can be explained by: the use of a digital detector, the low scatter to primary ratio (SPR) of slit scanning radiography, the geometry of LSSR and the use of higher than usual tube voltages. This discussion extends the reasoning introduced by Potgieter et al. (4) . Potgieter et al. (4) approximate the dose reduction from the use of an efficient digital detector in Statscan to be 50%, due in part to better detective quantum efficiency (DQE) of digital detectors compared with screen film. However, there will not be any substantial dose reduction due to the detector when Statscan is compared with radiography systems with equivalent digital detectors.
Slit scanning offers a greatly reduced SPR compared with conventional radiography, thus making the use of an antiscatter grid unnecessary (22 -24) . The SPR from Statscan with a 20 cm water phantom present was found to have a linear dependence on the precollimator slit width, with an SPR of 0.06 at 0.5 mm and an SPR of 0.1 at 1.0 mm (22) . While, Court and Yamazaki (25) found scatter fractions of between 0.3 and 0.7 (equivalent to an SPR of between 0.4 and 2.3) for a conventional digital radiography unit with various grids and a 15-cm perspex phantom present. This considerable difference in scatter between slit scanning radiography and conventional units with a grid is in agreement with other studies. Barnes et al. (24) found that the SPR of a slot scanning chest unit with a precollimator of 0.5 mm was 0.03 which they report as 30 times lower than conventional radiography with a grid. Samei et al. (23) also report considerable scatter reductions from slot scanning compared with the use of a grid with conventional full-field radiography. While still having a lower SPR than conventional radiography, the use of a 1-cm wide precollimator in Samei et al.'s study means that a larger SPR is reported compared with other slot scanning radiography units (22, 23) . Linear slit scanning and slot scanning are, therefore, very effective methods for scatter reduction.
The use of an antiscatter grid means that a greater dose is required for the examination due to the attenuation of primary radiation. There is large variation in primary transmission for different grids due to the grid characteristics and the tube voltage used in the examination. Studies have found the primary transmission of radiation to vary approximately between 45 and 75% (25 -27) . On Statscan, however, no grid is necessary and the ratio between the precollimator and postcollimator is chosen so that the entire primary beam is detected (14) . Thus, there is a 25 to 55% reduction in dose for slit scanning compared with full field from not using a grid.
Detector DQE is used as a measure of the performance of the detector. System (or Effective) DQE, however, takes into account the performance of the whole system including SPR, primary beam transmission and detector performance (23) . Scheelke et al. (22) found that for LSSR the system DQE was approximately four times higher than for conventional radiography due to the SPR, transmission and detector DQE described above.
The beam geometry of LSSR also contributes to a lower dose. Figures 2 and 3 show the differences in the beam geometry for linear slit scanning X-ray machines and conventional full-field X-ray machines. In conventional radiography, increasing the distance from the source (r) increases the beam area in both X and Y direction, explaining the 1/r 2 dose attenuation with r. For LSSR, the dose is proportional to 1/r because the beam area only increases in the non-scanning direction (Y ) with increasing r (4) . This is verified experimentally by Potgieter et al. (4) as well as in this study. When compared with the entrance dose, the dose in air measured at the detector (without a phantom present) shows very good agreement to the 1/r dose attenuation of LSSR (see Table 1 ). As a result of the difference in attenuation, a higher entrance dose is required in conventional radiography in order to obtain the same beam intensity at the detector. Assuming a typical FSD of 90 cm and an FFD of 130 cm this leads to an entrance dose reduction of 30% and an effective dose reduction of 15% for the same patient volume exposed (see Appendix).
Other factors that also contribute to a lower dose include higher kVs used compared with conventional examinations. There is also the possibility that more quantum mottle is being accepted by radiologists in the image quality studies because quantum mottle is difficult to identify.
Unlike the considerable dose reductions of other examinations, chest examinations show doses only slightly lower than conventional examinations. Potgieter et al. (4) explain this in terms of much lower scatter in the chest resulting in less of a difference in the system DQE between LSSR and conventional radiography. Samei et al. (23) verify this when comparing slot scanning and conventional radiography in regions of different density in the chest. They show the denser the region, the larger the difference in system DQE between slot scanning and conventional radiography. Chest examinations also generally use a much larger FSD. This results in less of a dose saving due to the beam geometry of LSSR (See Appendix). Statscan also uses a higher kV for most examinations except the chest where high kV examinations are common.
CONCLUSION
In this study, doses for a range of examinations and views using digital X-ray equipment with full-body linear scanning capabilities (Statscan) have been compared with those from other published studies. The results show that doses are considerably lower than those from conventional X-ray equipment for all examinations except the chest. Effective doses were between 9 and 75% of the UNSCEAR doses for standard examinations. This dose reduction can be explained by the properties of linear scanning technology. The low dose along with the full-body imaging capability makes linear scanning technology a useful tool in the trauma environment. 
APPENDIX: DOSE REDUCTION FROM THE BEAM GEOMETRY OF LSSR
A derivation is provided to explain dose saving due to the beam geometry of LSSR. The reduction in effective dose in LSSR compared with conventional radiography is obtained for the same dose at the detector.
As shown in Figure 2 , the cross-sectional area of the beam increases in both the X and Y directions with increasing distance from the source for conventional radiography, while for LSSR the beam only increases in the non-scanning direction (Y ).
As shown in Figure 3 , the beam width at the detector is related to the width of the beam at the entrance area by
where l 1 is the width at the entrance area, l 2 is the width at the detector plane, FFD is the film-focus distance and FSD is the focus-to-skin distance. Therefore, for conventional radiography, the crosssectional area of the beam at the detector is
where A 1 is the beam area at skin entrance and A 2 is the beam area at the detector. For an LSSR unit, the area does not increase in the scanning direction, therefore
Considering only the geometry (i.e. in a vacuum), the DAP remains constant at any distance from the detector. Thus, because the DAP remains constant but the area increases, the dose in air(D A2 ) at the detector is related to the entrance dose in air (D A1 ) by
for conventional radiography and by
for LSSR (4) . Thus, for LSSR the entrance dose in air can be reduced by a factor of FSD FFD ðA:6Þ
for the same D A at the detector.
In order to calculate the effective dose saving, the same exposed patient volume must be considered (see Figure 3) . Due to the beam geometry, a larger entrance area needs to be exposed for LSSR to obtain the same exposed patient volume and, therefore, the width of the scan needs to be increased by D to obtain the same volume.
where TFD is the table to film distance. Thus, the new scan length in terms of l 1 is
where l 3 is the scan length required by LSSR to obtain the same geometrically exposed volume as conventional full-field radiography. The increase in exposed entrance area is therefore 1 2
If only the geometry is considered and, therefore, assuming that the effective dose weighting factors remain the same, the change in effective dose will be proportional to the change in the entrance area (Equation A.9) as well as the change in entrance dose (Equation A.6).
Thus,
A simplification can be made by assuming that TFD ,, FFD, then:
where E LSSR is the effective dose for a LSSR unit and E conv is the effective dose from a conventional full-field radiography unit. Thus, the smaller the FSD and the larger the FFD, the greater the dose saving for LSSR. An increased TFD will also lead to a lower dose relative to conventional radiography.
